In complex orbital defects, typically the eye globe is retruded in a pathological position. This is associated with severe functional and cosmetic post-traumatic conditions. Characteristically, the posterior orbital floor and the medial wall of the bony orbit (=region of interest, ROI) is fractured where adequate reconstruction is crucial for a satisfactory surgical outcome but difficult to achieve. By introducing the concept of preshaped, navigated orbital implants, the repair of complex orbital fracture patterns could be significantly facilitated and improved. However, this ROI, delineated according to surgical criteria, cannot be defined by distinct anatomical landmarks because of the absence of reliable anatomical features. The determination of homologous surface points therefore remains a problem in such regions. The aim of this study was to provide a method for the assessment of the 3D shape of the ROI and of its variability, respectively. By aligning an anatomically determinable region that embeds the region of interest with a thin plate spline, transformation homology can be determined suitable for subsequent state-of-the-art shape analysis. First results of shape variations are illustrated and give hints into the future of optimized implant design.
INTRODUCTION
B inocular vision includes the perception and fusion of information of both left and right eye. Facial injuries with involvement of the bony orbit frequently lead to a misalignment of the eye globes. Double vision and severe cosmetic defects are frequently observed sequels. This is mainly due to fractured bony orbital walls resulting in a pathologic enlarged and shaped bony orbit. Especially the posterior orbital floor and medial wall is an area of special importance where fractures (1) significantly affect the eye globe in its anterioposterior position, leading to post-traumatic enopthalmos, and (2) are difficult to repair because of limited access and visibility during surgical reconstruction.
1,2 Using existing surgical techniques, correct implant shaping and positioning therefore still remain a clinical challenge, and the result of primary surgery is frequently incomplete.
The present study is based on the assumption that the repair of such complex orbital defects could be significantly improved and facilitated by the development of anatomical preshaped orbital implants exactly positioned using intraoperative navigation. Such preshaped orbital implants will be shaped, sized, and positioned according to the preinjury region of interest (ROI) of a given fractured orbit.
The problem of related shape analysis of such ROIs is that its boundaries are lacking anatomical criteria. Anatomical landmarking becomes unreliable and the ROI remains fuzzy. Therefore, with regard to an optimized preshaped implant design, a method for a statistical analysis of fuzzy regions is presented as well as some results of the shape analysis.
The state-of-the-art method for investigating 3D shape variability is the principal components analysis (PCA) of triangulated surfaces that consist of homologous triangle vertices aligned according to the Procrustes Fit method. The determination of the triangulated ROI and its corresponding or homologous points is the most critical step in the analysis. It greatly influences the outcome of the shape analysis. Many different methods exist for the production of surfaces with corresponding or homologous points and the subsequent shape analysis.
One relates more to landmark data and fails to discuss the computation of average shapes consisting of thousands of non-homologous points.
Lamecker et al. solve the correspondence problem in three-dimensional shapes consisting of a large dataset of points by an interactive approach which is able to handle shapes of arbitrary topology such as the genus 3 surface of the pelvic bone. 6 The authors specify corresponding anatomical features as boundary constraints to the matching process. In, 7 they apply the method on some orbits subdivided into some anatomically meaningful patches to examine their shape variability.
Rajamani et al. 8 address the problem of extrapolating an extremely sparse three-dimensional set of digitized landmarks and bone surface points to obtain a complete surface representation. The extrapolation is done using a statistical PCA shape model. The correspondence problem was solved with a semi-automatic landmark-driven method and an optimization based on the minimum description length criteria.
Styner et al. 9 present comparative studies in three anatomical structures of four different correspondence-establishing methods. They analyze both the direct correspondence via manually selected landmarks as well as the properties of the model implied by the correspondences, in regard to compactness, generalization, and specificity.
In this work, a method is described that is particularly well suited for analyzing ROIs that are not clearly identifiable by anatomic landmarks such as parts of orbital walls or floors. The proposed method is simple and uses commercially or freely available software enhanced with script procedures to relieve the work involved in processing large samples. It is based on thin plate splines used for non-rigid registration.
3,10

MATERIALS AND METHODS
The proposed method, summarized and illustrated in Figure left and right ROIs) extracted from CT scans of 68 patients (34 women, 34 men, age 20-88 years) obtaining routine diagnostic procedures but having unaffected orbits.
The clinical CT scans, with a typical resolution of 0.4×0.4×0.4 mm, were first anonymized and semiautomatically segmented. Most parts of the orbital regions were obtained by using 3D and 2D region growing tools. Only the very thin orbital walls were manually enhanced by an expert with anatomical knowledge of the orbit. As the partial volume effect of the scans lowers the gray values of parts of the very thin orbital walls, region growing tools fail to segment them correctly, and therefore, they were manually thickened on the extraorbital side by using a brush tool but by preserving the intraorbital wall side to be assessed. After segmentation, triangulated surfaces of the bony orbit were produced, as illustrated in Figure 2 .
In the second step, an expert manually placed seven homologous landmarks on the border of the extended ROI corresponding to the smallest anatomical definable area (SADA). These landmarks, illustrated in Figure 2 (upper), were anatomically meaningful and could be located repeatedly by an expert. The expert then defined non-homologous landmarks along the border of the SADA, as illustrated in Figure 2 (lower left). These non-homologous landmarks were next made homologous by computing a given number of equidistant landmarks between two subsequent anatomical landmarks and by linear interpolation of the non-homologous intermediate landmarks.
The SADA could then be defined by a certain number of homologous border points as illustrated in Figure 2 (lower right).
In the third step, an expert selected the proper ROI within the SADA (see Fig. 3 ) according to surgical criteria. This embedded ROI was only defined once on one reference orbit, which should be a typical orbit with an appropriate regular triangulation and no holes or triangle intersections.
This reference ROI, together with the corresponding homologous landmarks (see Fig. 4 upper left) of the SADA, were then used to determine the equivalent ROIs of the other bony orbits consisting of non-homologous surface vertices.
The homologous surface points of the embedded ROI for all remaining orbits were computed in the fourth step. The following approach was developed. The untransformed embedded reference ROI was warped to each of the orbits by a thin plate spline (TPS) transformation by using the LandmarkSurfaceWarp module of the Amira software (Visage Imaging). This transformation fit all homologous border points of the SADA to each other and transformed the reference ROI accordingly by deforming it slightly, as illustrated in Figure 4 (lower left, right).
Then, according to the closest point method, the SurfaceDistance module of Amira computed a vector field of the distances between the warped reference ROI and a given orbit for each triangle vertex of the warped reference ROI (shown in Fig. 5) . Finally, the corresponding distance vectors were added to the vertex points of the warped reference ROI, and the corresponding vertex points of the target ROI were thus obtained as shown in Figure 6 . These newly generated points, together with the same triangulation structure of the reference ROI, represent the embedded ROI of the target. This embedded ROI of the target consisted of exactly the same number of homologous surface points as the reference. All of these operations were scripted in Amira and all of the ROI determinations for the 136 orbits were performed in a single run.
The resulting 136 homologous ROIs were next aligned by a generalized Procrustes Fit and analyzed by PCA. This analysis was performed by the cost-free Morphologika software. Converting the 136 STL (Standard Triangulation Language) files of triangulated surfaces of the ROIs into a Morphologika input file was straightforward and programmed by a TCL script (Tool Command Language).
RESULTS
This work presents a simple method for 3D shape analysis of ROIs without distinct anatomical criteria which are embedded in an anatomically well-defined area. For the latter, we used smallest anatomical definable areas. Although it has only been applied on human bony orbits, its principle can be applied on any anatomical region of the human skeleton or even arbitrary shapes with smooth topology of the ROIs. The method can be conducted with the commercially available software Amira, enhanced with a few scripts, and the cost-free software Morphologika, for example. The figures in the 'Results' section are intended to show potential uses of the method. A profound discussion of the clinical relevance and the clinical aspects of the shape analysis of the SADA and the ROI itself is in work and will be published later.
Applied on 136 human bony orbits, this method provides a means of generating a 3D shape analysis, which might be of interest for future optimized implant design. Figure 7 shows two different views of a point cloud generated from aligning the 136 ROIs according to the generalized Procrustes Fit. All of the ROIs were rigidly aligned and isotropically scaled so that the distances between the homologous surface points of all of the ROIs and the mean shape were minimized. This point cloud offers a visual impression of the shape variability of the ROIs. Figure 8 compares the mean shapes of the left and mirrored right ROIs of the sample using a color map of the distances [mm] of the homologous surface points on the left mean shape. The displacement vectors are also shown. The mean shapes were computed after rigid and scaling Procrustes Fits. Then, for comparison, both mean shapes were again fitted to each other by the same procedure. As expected, there was no significant shape difference between left and right ROIs. The majority of the distances were below 0.2 mm. The deviations were slightly higher at the border of the inferior orbital fissure but remained below 0.4 mm (the CT scan resolution). These higher deviations were most likely border artifacts, as the proposed method is not well suited in regions with strong curvature. Figure 9 shows a similar comparison between the mean shapes of the left ROIs of women and men. Also, here most distances are smaller than 0.2 mm and some higher ones can be found on the border. It can be concluded that, between women and men of this sample, there is no clinically significant shape difference.
Since the modified ROIs consisted of homologous points, standard PCA, similar to that described in, 11 was applied to investigate principal shape variations. Figure 10 illustrates the effects of varying the first and second parameter of the principal components model. In this example, according to the computed eigenvalues, the first and second components describe
Á 100% ¼ 51:8% of the shape variance.
DISCUSSION
To the best of our knowledge, for the first time, a method for the assessment of 3D shape variations of fuzzy regions with a clinical application in the human bony orbit has been presented. It has been applied on the posterior part of the orbital floor and medial wall which are typically affected in complex orbital fractures. The method is general and can be applied to other anatomical regions of human bones. It can be applied by state-of-the-art imaging tools such as Amira enhanced by some scripting. However, this method also has its limitations. It should only be applied on smooth ROIs without sharp edges. In order to preserve the homology of points, the extended anatomical ROI should not be much larger than the ROI itself. Methods that use shape-preserving re-parameterization 12 for the determination of homologous ROIs would probably yield better results in the cases where the anatomical ROI exceeds the ROI by a significant amount. A profound discussion of this problem can be found in 13 where the authors provide a tutorial and survey of methods for parameterizing surfaces with a view to applications in geometric modeling and computer graphics. It is also planned to compare the method developed in this work with a similar method based on shape-preserving parameterization of surface triangulations. With that said, most applications concerning shape variability of ROIs of the human skeleton refer to sufficiently smooth ROI surfaces, which could be treated with this method. In both methods, best homology is obtained using anatomically well-defined regions corresponding to SADAs. In many anatomical regions, there may not be sufficiently pure homologous anatomical landmarks. Therefore, in addition to simple anatomical landmarking, the concept for creating additional landmarks termed in this work as anatomical-mathematical landmarking at the boundaries (Fig. 2, lower right) and mathematical landmarking with TPS transformations for the surfaces (Fig. 2) is a possibility for creating homology in 3D shape analysis of anatomical structures such as bone. 
CONCLUSIONS
Preliminary results of the method applied on the ROI are illustrated here and provide an avenue to the future of preshaped implant design. An exhaustive shape analysis and discussion of its clinical relevance and consequence, with respect to an optimized orbital implant design, is beyond the scope of this work and will be addressed in a future study.
